Abstract: City thermal discomfort conditions have been exacerbated by the rapid urbanization processes in China. High-resolution urban thermal climate simulations can help us to understand urban climate features and produce better urban designs. In this paper, a single-layer urban canopy model (UCM) combined with Landsat satellite data and high-resolution meteorological forcing data was used to simulate very-high-resolution characteristics of temperature and humidity at the urban canopy level, and the heat index at the pedestrian level was also estimated. The research shows that the National center of environmental forecasting, Oregon state university, Air force and Hydrological research lab (NOAH)-UCM model can simulate the distribution of meteorological elements for different land uses in a fine and effective manner, making it an effective approach to obtaining the fundamental data for urban climate analysis. The spatial distribution pattern of urban heat islands in Suzhou is highly consistent with urban land cover fraction. High-density and medium-density urban areas are centers of urban heat islands, and the annual number of high-temperature days and heat indices over the high-density and medium-density urban areas are markedly higher than those in low-density cities and suburbs, indicating that urban development has a significant impact on the urban thermal environment.
Introduction
Presently, more than half of the world's population lives in urban areas, and the process of urbanization continues, especially in developing countries such as China and India. For example, the urban population in China increased from 172.45 million in 1978 to 813.47 million in 2017, and the urban population ratio increased from 17.92% in 1978 to 58.52% in 2017 ( Figure 1 ). During urbanization processes, the land surface changes and the population increases quickly and continuously. Human activities in urban areas release large amounts of anthropogenic waste heat flux and air conditioning and irrigation in cities also release lots of anthropogenic latent heat flux; these together change the climate and environment of the city and affect the urban water supply, energy supply, ecosystem, and living environment [1] . Many cities are suffering from heat waves, air pollution and water pollution, and the health risks to urban residents are also increasing [2] [3] [4] [5] [6] . Designing sustainable, healthy, comfortable, and pleasant cities has become a global concern. To achieve this goal, it is necessary to consider climate information during urban planning and design. Urban planning and design require high resolution urban climate data, especially with a horizontal resolution less than 1 km, because the scale of an urban neighborhood is usually several kilometers [8] . Observations from weather stations are usually the easiest way to get the climate status, but this conventional method has a relatively low spatial resolution, and their initial purpose is normally for mesoscale (10-100 km) weather services. Numerical models are widely used in urban climate studies, for example, mesoscale models for the city scale, and atmospheric boundary layer model, computational fluid dynamics (CFD) tools and large eddy simulation (LES) models for the neighborhood scale [9] . The mesoscale models lack detailed information at the pedestrian level, and the CFD and LES models are rather expensive, both in terms of time cost and computing resource consumption. With the development of urban canopy models (UCMs), it is possible to represent detailed urban meteorological information in urban canopy levels in a more effective way because the pedestrian-level urban climates are usually the local responses of specific land cover to large-scale synoptic forcing. As a kind of urban land surface model, UCMs can output detailed dynamic, thermal, and radiation information of the urban canopy levels. Yokoyama (2017) [10] found that highresolution numerical simulations could reflect detailed effects of topography and land use, and improve calculation accuracy, especially during the nighttime. In this paper, we used a single-layer UCM [11] [12] [13] [14] combined with Landsat-TM satellite data and a global meteorological forcing dataset to simulate the detailed distribution of air temperature, wind speed, and humidity at urban canopy level in a specific city (Suzhou, China). Based on the simulation results, this paper discusses the climate characteristics, such as urban heat islands, high-temperature days, and heat index, for different density levels of urban buildings. These results can provide information to create an urban climate analysis map for the urban development, planning, and improvement of human settlements.
Model and Data

Numerical Model
In this paper, we used the UCM established by Kusaka et al. [11] [12] [13] [14] , which is a widely used parameterization scheme for dealing with artificial surface land-surface processes in cities. The model considers the physical processes in the urban canopy based on representative street canyons, which are considered to be the basic unit of the city. Generally, there are three facets of surface canyons: roofs, pavements, and wall surfaces. The UCM simulates the respective energy balance processes over the three facets, and finally, the total heat fluxes exchange between each street canyon and the upper atmosphere is calculated. Therefore, the UCM can consider the surface sensible heat flux, latent heat flux, and its overall effects in street canyons in a more detailed manner according to the geometric features of the urban surface. The UCM can effectively describe the distributions of Urban planning and design require high resolution urban climate data, especially with a horizontal resolution less than 1 km, because the scale of an urban neighborhood is usually several kilometers [8] . Observations from weather stations are usually the easiest way to get the climate status, but this conventional method has a relatively low spatial resolution, and their initial purpose is normally for mesoscale (10-100 km) weather services. Numerical models are widely used in urban climate studies, for example, mesoscale models for the city scale, and atmospheric boundary layer model, computational fluid dynamics (CFD) tools and large eddy simulation (LES) models for the neighborhood scale [9] . The mesoscale models lack detailed information at the pedestrian level, and the CFD and LES models are rather expensive, both in terms of time cost and computing resource consumption. With the development of urban canopy models (UCMs), it is possible to represent detailed urban meteorological information in urban canopy levels in a more effective way because the pedestrian-level urban climates are usually the local responses of specific land cover to large-scale synoptic forcing. As a kind of urban land surface model, UCMs can output detailed dynamic, thermal, and radiation information of the urban canopy levels. Yokoyama (2017) [10] found that high-resolution numerical simulations could reflect detailed effects of topography and land use, and improve calculation accuracy, especially during the nighttime. In this paper, we used a single-layer UCM [11] [12] [13] [14] combined with Landsat-TM satellite data and a global meteorological forcing dataset to simulate the detailed distribution of air temperature, wind speed, and humidity at urban canopy level in a specific city (Suzhou, China). Based on the simulation results, this paper discusses the climate characteristics, such as urban heat islands, high-temperature days, and heat index, for different density levels of urban buildings. These results can provide information to create an urban climate analysis map for the urban development, planning, and improvement of human settlements.
Model and Data
Numerical Model
In this paper, we used the UCM established by Kusaka et al. [11] [12] [13] [14] , which is a widely used parameterization scheme for dealing with artificial surface land-surface processes in cities. The model considers the physical processes in the urban canopy based on representative street canyons, which are considered to be the basic unit of the city. Generally, there are three facets of surface canyons: roofs, pavements, and wall surfaces. The UCM simulates the respective energy balance processes over the three facets, and finally, the total heat fluxes exchange between each street canyon and the upper atmosphere is calculated. Therefore, the UCM can consider the surface sensible heat flux, latent heat flux, and its overall effects in street canyons in a more detailed manner according to the geometric features of the urban surface. The UCM can effectively describe the distributions of temperature, wind speed, humidity, sensible heat, latent heat, and so on, in the urban canopy level over the urban area, thereby obtaining the features of heat islands, the energy and water balances [15, 16] , and so on. This paper mostly focuses on the microscale urban climate at urban canopy levels (i.e., the space between the buildings which make up the urban streets and under their roofs); an offline version of UCM is a good compromise between detailed urban climate information and time-consuming mesoscale running. In the single-layer UCM model, the urban canopy air temperature is calculated with the heat fluxes from different urban canopy facets (wall, roof, and road), and the wind speed in the urban canopy is calculated using an empirical model, using the following equations [11] :
and
where, U s is the wind speed in urban canopy, U r is the wind speed at the height of building roof, U a is the wind speed from the atmospheric forcing data; h is the building height and w is the urban canopy width. ψ m and ψ mr are the universal function in the urban canopy and at the roof level respectively. Based on the simulation results, the National Oceanic and Atmospheric Administration (NOAA) Heat Index (HI) was selected for the heat stress analysis [17, 18] of human comfort. The HI considers temperature and relative humidity as the main meteorological factors affecting the degree of comfort for the human body. It is an index that combines the air temperature and relative humidity to determine the body temperature, i.e., our personal perception of the degree of heat. The HI (units: • C) is expressed as
where R is relative humidity (units: %), and C 1 -C 9 are empirical parameters.
Research Area and Data
Suzhou is an important city in the Yangtze River Delta region, with a population of nearly ten million and an annual GDP of 273 billion US Dollars (according to 2017 annual statistics). Previous studies have shown that Suzhou experienced a rapid exacerbation of urban heat islands [19] . The offline version of the UCM coupled with the National center of environmental forecasting, Oregon state university, Air force and Hydrological research lab (NOAH) land surface model was used in our research. The model-driven meteorological field was the Global Meteorological Forcing Dataset for Land Surface Modeling (ds314.0) developed by the Hydrological Laboratory of the University of Preston. It is a high-resolution global dataset covering 50 years and is mainly used for driving land surface models. The dataset integrates global observational data and numerical reanalysis data from the National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR), including meteorological elements such as precipitation, temperature, wind speed, and radiation. The precipitation data from the Tropical Rainfall Measuring Mission (TRMM) satellites, the Global Precipitation Climatology Project (GPCP), and the Global Soil Moisture Observation Data Set, version 2 (GSWP-2) were used to calibrate the data. The dataset is long-term and reliable, with a spatial resolution of 1.0 • × 1.0 • and a temporal resolution of 3 h, and has been applied in many fields of research, such as meteorology and ecology.
The simulated region covered 31 • -31.6 • N, 120.2 • -121 • E, including the city of Suzhou and part of Taihu Lake. The horizontal grid resolution was 250 × 250 m, and the 25 m Landsat-TM satellite-observed land cover data of 2006 were used to obtain the surface coverage fractions of every land use type over each grid cell. Figure 2 shows the distribution of different underlying surface
Atmosphere 2019, 10, 118 4 of 13 types within the simulated region, including cities, cropland, forest, and water. It shows that most of the urban area of Suzhou is of high-density urban type (impervious surface coverage ≥ 90%) and medium-density urban type (75% ≤ impervious surface < 90%), and a small part is of low-density urban type (50% ≤ impervious surface density < 75%). The areas where the impervious surface coverage is less than 50% are considered suburban areas. The building parameters used in UCM are the same as the default parameters in the weather research and forecasting model [20] , and these parameters have been proven to work well in previous studies [21] [22] [23] . Only the anthropogenic heat from building and traffic releases is considered, because industrial releases are usually at a much higher level than the urban canopy and have little influence on urban-canopy-level climates [24] . The values of traffic and residential anthropogenic heat release intensities were estimated for the Suzhou Statistical Yearbook as in Yang (2017) [24] ; the total intensity was around 20 W m −2 , and no seasonal variations were considered due to the lack of data. The simulated period was from 2000 to 2008 because Suzhou city experienced quick urban expanding processes in the later 1990s and the early 2000s. The Landsat data used in this paper was for the year 2006, and only the 2000-2008 meteorological forcing data were used to keep the forcing data consistent with the land cover data. The model output frequency was 15 min, and the hourly results were calculated with the 15 min outputs. The meteorological conditions of each model grid were calculated with the separate tile method [25] . For each model grid, the air temperature, wind speed, specific humidity and relative humidity in the urban canopy level and the sensible heat and latent heat from different urban facets were outputted from the urban canopy module as in Kusaka (2001) [11] , and the near-surface air temperature, wind speed and specific humidity over non-urban area (i.e., water, cropland and forest in this paper) were calculated with the Monnin-Obukhov Similarity Theory [26] using the simulated land surface conditions (including land surface temperature, soil moisture, sensible heat flux and latent heat flux) and the forcing data. Then the meteorological conditions of each grid were calculated with the weighted average method using land use type coverage fractions and the meteorological conditions over different land use type. The average air temperature of the pure vegetation grids (the sum of cropland coverage fraction and forest fraction equals 100%) was used as the rural reference value when the urban heat island intensity at each grid was calculated. The urban canopy level air temperature and relative humidity were used to analyze the spatial and temporal characteristics of the urban thermal conditions.
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Results
Model Performance Evaluation
The near-surface meteorological fields simulated by mesoscale models are usually compared to the observations of air temperature at 2 m, relative humidity at 2 m, and wind speed at 10 m at conventional weather stations to evaluate the model performance. This method is not always suitable for microscale urban simulations because the purpose and design of conventional weather stations is to capture the mesoscale processes of tens of to several hundred kilometers, not the urban microscale processes. We evaluated the single-layer UCM performance using observations from a network of 21 automatic weather stations in the Suzhou area, as shown in Figure 3 . The instruments of these automatic weather stations (AWS) are usually installed in different kinds of urban neighborhoods and better represent urban climate conditions than do conventional observations because the instrument installation height is always 2 m for both wind speed and temperature. This height is often less than the building height and indicates the observations taking place at the urban canopy level. Due to the limit observation period of the AWS stations-most of them started observations in late 2006 or 2007-only the data of both simulations and observations in 2007 and 2008 were used for the evaluation. The mean bias (MB), root-mean-square error (RMSE) and correlation coefficient (R) were calculated as shown in Table 1 . The simulated mean air temperature in the urban canopy at the 21 meteorological stations was 17.4 • C; compare this with the observed mean temperature of 17.1 • C. The RMSE of the air temperature was 2.10 • C and the R value was 0.93. The UCM-simulated urban canopy relative humidity was 52.2%, which is slightly higher than the station-observed average (50.8%) with a mean bias (MB) of 1.4%. The model underestimated the urban-canopy-level wind speed with a MB of −0.81 m s −1 ; the RMSE was 1.24 m s −1 and the R value was 0.51. This is because the wind speed in the urban canopy in UCM is calculated using an empirical method [11] . The spatial distributions of the RMSE and R of air temperature at 21 stations are shown in Figure 3 . The RMSE varied from 1.51 to 2.53 • C and the R varied from 0.88 to 0.98. The performance of the offline model over the mountainous area was not so validate as over the flat area because the topography effect was not considered. The biggest RMSE of occurred at the stations near low hills (less than 50 m) and the lowest R value occurred at the same station as well.
The Figure 3 . The instruments of these automatic weather stations (AWS) are usually installed in different kinds of urban neighborhoods and better represent urban climate conditions than do conventional observations because the instrument installation height is always 2 m for both wind speed and temperature. This height is often less than the building height and indicates the observations taking place at the urban canopy level. Due to the limit observation period of the AWS stations-most of them started observations in late 2006 or 2007-only the data of both simulations and observations in 2007 and 2008 were used for the evaluation. The mean bias (MB), root-mean-square error (RMSE) and correlation coefficient (R) were calculated as shown in Table 1 . The simulated mean air temperature in the urban canopy at the 21 meteorological stations was 17.4 °C; compare this with the observed mean temperature of 17.1 °C. The RMSE of the air temperature was 2.10 °C and the R value was 0.93. The UCM-simulated urban canopy relative humidity was 52.2%, which is slightly higher than the station-observed average (50.8%) with a mean bias (MB) of 1.4%. The model underestimated the urban-canopy-level wind speed with a MB of −0.81 m s −1 ; the RMSE was 1.24 m s −1 and the R value was 0.51. This is because the wind speed in the urban canopy in UCM is calculated using an empirical method [11] . The spatial distributions of the RMSE and R of air temperature at 21 stations are shown in Figure 3 . The RMSE varied from 1.51 to 2.53 °C and the R varied from 0.88 to 0.98. The performance of the offline model over the mountainous area was not so validate as over the flat area because the topography effect was not considered. The biggest RMSE of occurred at the stations near low hills (less than 50 m) and the lowest R value occurred at the same station as well. 
Urban Canopy Heat Islands
The horizontal distribution of the simulated nine-year average surface air temperature in Suzhou is illustrated in Figure 4 . The surface air temperature in areas covered by buildings is higher than that over other underlying surfaces. The densely packed area in the center of the city has the highest air temperature. With decreasing urban building coverage, the temperature decreases greatly from the urban to the rural area. Water and vegetation have a direct cooling effect on the air temperature. In the grid cells where rivers, water, and vegetation are relatively dense, the temperature is 0.5-0.8 • C lower than in those grid cells densely covered by buildings.
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The horizontal distribution of the simulated nine-year average surface air temperature in Suzhou is illustrated in Figure 4 . The surface air temperature in areas covered by buildings is higher than that over other underlying surfaces. The densely packed area in the center of the city has the highest air temperature. With decreasing urban building coverage, the temperature decreases greatly from the urban to the rural area. Water and vegetation have a direct cooling effect on the air temperature. In the grid cells where rivers, water, and vegetation are relatively dense, the temperature is 0.5-0.8 °C lower than in those grid cells densely covered by buildings. The model results also show that there is a clear urban heat island (UHI) phenomenon in Suzhou. The UHI intensities of different urban types (high intensity, medium intensity, and low intensity) were calculated as the difference between the urban-covered grids and the respective averages of the vegetation-covered grids. The average annual heat island intensity in the high-density urban area is about 1.2 °C, about 1.0 °C in medium-density urban areas, and about 0.8 °C in low-density urban areas. In areas where the building coverage is less than 50%, the urban heat island intensity is about 0.4 °C. The spatial distribution pattern of heat islands is closely consistent with the type of land use. This is similar to the analysis of surface temperature observations from Moderate-resolution Imaging Spectroradiometer (MODIS) and Landsat-TM satellite data [19] .
The urban heat island intensity in Suzhou changes with the seasons. Specifically, it is strongest in summer, when the urban heat island intensity in the high-density urban area is above 1.5 °C. In autumn, the average value is 1.2 °C; in spring, it is about 0.5 °C; and in winter it is only about 0.3 °C (Figure 5 ). The cooling effect of water bodies on urban heat islands is also very clear. Due to the thermal characteristics of water, the surface air temperature over water in summer is lower than the The model results also show that there is a clear urban heat island (UHI) phenomenon in Suzhou. The UHI intensities of different urban types (high intensity, medium intensity, and low intensity) were calculated as the difference between the urban-covered grids and the respective averages of the vegetation-covered grids. The average annual heat island intensity in the high-density urban area is about 1.2 • C, about 1.0 • C in medium-density urban areas, and about 0.8 • C in low-density urban areas. In areas where the building coverage is less than 50%, the urban heat island intensity is about 0.4 • C. The spatial distribution pattern of heat islands is closely consistent with the type of land use. This is similar to the analysis of surface temperature observations from Moderate-resolution Imaging Spectroradiometer (MODIS) and Landsat-TM satellite data [19] .
Atmosphere 2019, 10, 118 7 of 13 The urban heat island intensity in Suzhou changes with the seasons. Specifically, it is strongest in summer, when the urban heat island intensity in the high-density urban area is above 1.5 • C. In autumn, the average value is 1.2 • C; in spring, it is about 0.5 • C; and in winter it is only about 0.3 • C ( Figure 5 ). The cooling effect of water bodies on urban heat islands is also very clear. Due to the thermal characteristics of water, the surface air temperature over water in summer is lower than the land surface air temperature and far below the surface temperature of areas covered by buildings. This cooling effect is most noticeable in summer and can reach 0.5-1.0 • C. In winter, the water temperature is higher than the above air temperature, meaning that the cooling effect of water bodies is negative and a warming impact occurs (figures not shown here). According to the National Ecological Garden City Standard of China, a summer daily mean urban heat island intensity of ≤2.5 °C is the basic requirement for a national ecological garden city. In this paper, the recommendations of China's Urban Heat Island Effect Assessment Technical Guide were used to classify the urban heat island intensity into five levels according to ΔT (the temperature difference between cities and suburbs): Grade 1-no urban heat island (△T ≤ 0.5 °C); Grade 2-weak urban heat island (0.5 °C< △T ≤ 1.5 °C); Grade 3-medium urban heat island (1.5 °C < △T ≤ 2.5 °C); Grade 4-strong urban heat island (2.5 °C < △T ≤ 3.5 °C); Grade 5-extreme urban heat island (△T > 3.5 °C). From the annual average heat island intensity level distribution, it can be seen that the urban heat islands over suburban areas are commonly weak. Medium urban heat island intensity only appears in summer, and mainly in medium-and high-density urban areas. The spatial distribution According to the National Ecological Garden City Standard of China, a summer daily mean urban heat island intensity of ≤2.5 • C is the basic requirement for a national ecological garden city. In this paper, the recommendations of China's Urban Heat Island Effect Assessment Technical Guide were used to classify the urban heat island intensity into five levels according to ∆T (the temperature difference between cities and suburbs): Grade 1-no urban heat island (∆T ≤ 0.5 • C); Grade 2-weak urban heat island (0.5 • C< ∆T ≤ 1.5 • C); Grade 3-medium urban heat island (1.5 • C < ∆T ≤ 2.5 • C); Grade 4-strong urban heat island (2.5 • C < ∆T ≤ 3.5 • C); Grade 5-extreme urban heat island (∆T > 3.5 • C). From the annual average heat island intensity level distribution, it can be seen that the urban heat islands over suburban areas are commonly weak. Medium urban heat island intensity only appears in summer, and mainly in medium-and high-density urban areas. The spatial distribution of urban heat island intensity shows that stronger urban heat islands occurred in a bigger area in summer and autumn than in winter and spring ( Figure 6 ). In summer, more than 40% of the urban area experienced an urban heat island phenomenon, and the ratio of the area where an urban heat island stronger than Grade 2 appeared to the whole city area was about 0.43. The probability distribution functions (PDFs) of UHI/urban cool island (UCI) intensities are shown in Figure 7 . Both strong UHI and strong UCI occurred in the simulations. The maximum urban heat island usually occurred in the high-density urban area and at night because of the high urban heat storage in the daytime and its release at night. The frequency of strong UCI (cooler than −1.0 °C) is very small (less than 1%), but the probability of weak UCI (−0.5 °C) is relatively high, especially in winter. Figure 8 illustrates the annual and seasonal averages of variations in diurnal UHI intensity. It indicates that UCIs occur commonly after sunrise, especially in spring and winter. This is because at this time the solar radiation starts to heat the rural surface while the solar radiation is shadowed The probability distribution functions (PDFs) of UHI/urban cool island (UCI) intensities are shown in Figure 7 . Both strong UHI and strong UCI occurred in the simulations. The maximum urban heat island usually occurred in the high-density urban area and at night because of the high urban heat storage in the daytime and its release at night. The frequency of strong UCI (cooler than −1.0 • C) is very small (less than 1%), but the probability of weak UCI (−0.5 • C) is relatively high, especially in winter. Figure 8 illustrates the annual and seasonal averages of variations in diurnal UHI intensity. It indicates that UCIs occur commonly after sunrise, especially in spring and winter. This is because at this time the solar radiation starts to heat the rural surface while the solar radiation is shadowed by buildings and cannot reach the urban canopy level, and the longwave radiation cooling of the urban canopy still continues at the same time. This phenomenon usually lasts 1-3 h, as shown in Figure 8 . The largest probability of a UCI occurs in winter because the solar elevation angle is lower compared to other seasons and the downward solar radiation flux is weak; also, the low solar elevation angle causes long building shadows. This results in the weakest UCI and strongest UHI occurring in summer and the strongest UCI and weakest UHI occurring in winter. Another factor causing the weak UHI effect in winter is that the precipitation is low in winter in this area and the soil moisture is low in the surrounding rural area. The dry soil moisture decreases the contrast between the urban area and the surrounding environment; this has also been documented in the previous fully coupled mesoscale simulations, as in reference [19] . The diurnal variations of UHIs over different urban types also showed that the UCIs occurred more frequently over the high-density urban areas because the buildings are higher and the shadowing effect is more prominent than over the other two urban area types. For all seasons, the UHIs most frequently occur between 0 and 0.1 • C. UCIs in a temperature less than −1 • C and UHIs in a temperature greater than 2 • C rarely happened.
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Heat Index
The hourly averaged model results were used to calculate the number of high-temperature days occurring in different regions. If the urban canopy air temperature is greater than 35 • C once on one day at a grid cell, a high-temperature day is counted for that grid point. Figure 9 shows the average annual high-temperature day distribution. Due to the urban heat island effect, the number of high-temperature days in urban areas is much higher than that in other regions. The annual average number of high-temperature days in urban central areas is more than 35. In medium-density urban areas, this figure is about 30, and in low-density areas it is about 25. The annual average number of high-temperature days in the suburban and rural areas is about 15-20, which is less than in the urban area.
The heat index was also calculated based on the hourly model results and divided into four levels: (1) Caution-long-term exposure to outdoor activities may cause fatigue, and continuous activities may lead to heat cramps; (2) Extreme caution-possibility of heat cramps and mild heat stroke, and continuing work may cause heat stroke; (3) Danger-heat cramps and mild heat stroke are most likely to occur, and continuing work may cause heat stroke; (4) Extreme danger-heat stroke will occur.
occurring in different regions. If the urban canopy air temperature is greater than 35 °C once on one day at a grid cell, a high-temperature day is counted for that grid point. Figure 9 shows the average annual high-temperature day distribution. Due to the urban heat island effect, the number of hightemperature days in urban areas is much higher than that in other regions. The annual average number of high-temperature days in urban central areas is more than 35. In medium-density urban areas, this figure is about 30, and in low-density areas it is about 25. The annual average number of high-temperature days in the suburban and rural areas is about 15-20, which is less than in the urban area. The heat index was also calculated based on the hourly model results and divided into four levels: (1) Caution-long-term exposure to outdoor activities may cause fatigue, and continuous activities may lead to heat cramps; (2) Extreme caution-possibility of heat cramps and mild heat stroke, and continuing work may cause heat stroke; (3) Danger-heat cramps and mild heat stroke are most likely to occur, and continuing work may cause heat stroke; (4) Extreme danger-heat stroke will occur.
When the heat index is above Grade 2, outdoor workers should be cautious because continuous outdoor activities may lead to heat stroke and this is harmful to human health. The detailed distribution of the day numbers of Grade 2 heat index is a useful estimation to help the urban design and the outdoor job management to reduce the health risks of the elderly and weak population and the out workers in different urban areas. In the suburbs, the number of extreme caution days is less than 15, while the possibility of its occurrence in urban areas is much higher, being more than 35 in high-and medium-density urban areas ( Figure 10 ). Compared to the distribution of hightemperature days (Figure 9 ), the number of extreme caution days is more prevalent in the same area, and the affected area is larger, because of both air temperature and humidity effects. Suzhou is located in the East Asian monsoon region, with abundant summer precipitation. In summer, there are many rainy days and high levels of precipitation. The air is damp, which affects perspiration and cooling in humans. There is a high chance of heat cramp and mild heat stroke, even if the temperature When the heat index is above Grade 2, outdoor workers should be cautious because continuous outdoor activities may lead to heat stroke and this is harmful to human health. The detailed distribution of the day numbers of Grade 2 heat index is a useful estimation to help the urban design and the outdoor job management to reduce the health risks of the elderly and weak population and the out workers in different urban areas. In the suburbs, the number of extreme caution days is less than 15, while the possibility of its occurrence in urban areas is much higher, being more than 35 in highand medium-density urban areas ( Figure 10 ). Compared to the distribution of high-temperature days (Figure 9 ), the number of extreme caution days is more prevalent in the same area, and the affected area is larger, because of both air temperature and humidity effects. Suzhou is located in the East Asian monsoon region, with abundant summer precipitation. In summer, there are many rainy days and high levels of precipitation. The air is damp, which affects perspiration and cooling in humans. There is a high chance of heat cramp and mild heat stroke, even if the temperature is less than 35 • C. The averaged UHI intensity of these caution days is above 1.2 • C, while means that UHIs may enhance the heat index. This is because all of these caution days appear in the summertime, when the incident solar radiation is strong and conditions are favorable for the formation of UHIs.
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Discussion and Conclusions
In this paper, long-term UCM simulations were used to obtain the distribution characteristics of air temperature, wind speed, and humidity in the Suzhou area. Then, the basic characteristics of the urban climates, including the thermal environment, ventilation capacity and heat index were analyzed. The results showed the following: 
In this paper, long-term UCM simulations were used to obtain the distribution characteristics of air temperature, wind speed, and humidity in the Suzhou area. Then, the basic characteristics of the urban climates, including the thermal environment, ventilation capacity and heat index were analyzed. The results showed the following:
(1) The UCM can effectively simulate the impact of the city's different underlying surfaces (cropland, forest, and water bodies) on the meteorological environment. It can provide characteristics of meteorological elements such as air temperature, wind speed, and humidity in the urban area to high temporal and spatial resolution, which is an effective way to obtain urban climatic maps.
(2) The spatial distribution of urban heat islands and the type of land use are in good agreement. The high-density urban area is the heat island center. The annual average heat island intensities in high-, medium-, and low-density urban areas are 1.2 • C, 1.0 • C, and 0.8 • C, respectively. The average annual heat island level is Grade 2, with weak heat island intensity. Medium urban heat island intensity only appears in summer and mainly in medium-and high-density urban areas.
(3) In urban areas, the ventilation capacity is Grade 3, indicating a medium ventilation capacity. The suburbs have good ventilation capacity. The ventilation capacity around Taihu Lake is strongest. In winter and spring, the ventilation capacity generally rises, whereas it decreases in summer and autumn.
(4) The number of high-temperature days, the heat index, and the days of weak ventilation in high-and medium-density urban areas are higher than those in low-density cities and suburbs, indicating that urban development has a significant impact on the meteorological environment, and stronger UHI and weak urban ventilation capability usually occur in summer.
The offline UCM was used in our simulations and has been proven to be an effective tool for obtaining very-high-resolution (~100 m) urban canopy climate conditions on a neighborhood scale. However, there are still some uncertainties and shortcomings which need to be solved in future studies. Because of the heterogeneous features of urban areas, these simply classified urban building parameters may introduce uncertainties into the simulations; recently, the World Urban Database and Access Portal Tools (WUDAPT) project has been introduced into the urban surface energy balance simulations. In this paper we still use the conventional parameters because the WUDAPT datasets for Suzhou City are currently unavailable, but they are promising for improving the simulations in future studies. Also, the forcing data used in this study are in a relatively coarser resolution compared to the land cover dataset. With the development of numerical models, more and more higher-resolution reanalysis data will be available and will act as better meteorological forcing fields.
